INTRODUCTION
When mammalian cells in culture are exposed to ionizing radiation, mitotic figures disappear from the population shortly after the irradiation and reappear at a time that is related to the total dose and to a variety of other factors (1-9). It appears well established that, while cells will undergo mitotic delay no matter what their "age" or position in the cell cycle at the time of irradiation, a large part of this delay time will be spent in an extended G2 (2-5, 8). However, cells irradiated in G1 or S may also experience delays in passing through S and into G2 (3, 5, 8, 10, 11). Except for the work of Terasima and Tolmach (8), using HeLa cells, and that of Dewey and Humphrey (5), using L-P59 cells, little is known about the dependence of the duration of mitotic delay on radiation dose as a function of the position of the cells in the cell cycle at the time of irradiation. Such data can most conveniently be obtained from a synchronized cell population. Thus, in the experiments of Dewey and Humphrey (5), and in those to be reported time that is dose-dependent. Measurement of the duration of mitotic delay is facilitated if a mitotic poison such as colchicine or Colcemid is added to the culture sometime between the disappearance and the reappearance of mitotic figures, so that all the cells will be prevented from carrying out successful divisions. Those cells that attempt mitosis in the presence of the inhibitor either will be held at metaphase or will form micronuclei (15). In Fig. 1 , the curve marked "Controlmetaphases" shows a typical curve of mitotic index versus time for unirradiated L60T cells in the presence of Colcemid (10-7 gm/ml). The curve labeled "Controlmicronuclei" shows that cells containing micronuclei first appear in the population about 6 hours after the addition of Colcemid and that their number steadily increases until by 30 hours almost 90% of the cells exhibit micronuclei. The curve labeled "Control-total" is the sum of the previous two curves; we have assumed that this curve represents the total fraction of cells in the population that have attempted division, as a function of time. The curve labeled "600 rads-total" is the sum of metaphase figures plus cells containing micronuclei in a population exposed to 600 rads at time zero and given Colcemid (10-7 gm/ml) 1 hour after irradiation. As will be discussed later, the fact that only 28 % of the cells show either metaphase figures or micronuclei has been interpreted to mean that after a dose of 600 rads only 28 % of the cells will attempt the first postirradiation division.
In considering curves such as those shown in Fig. 1 , the question immediately arises as to what method should be chosen to calculate mitotic delay. One might consider the time at which mitotic figures first reappear in the irradiated cultures, or the time at which the mitotic index reaches some fixed percentage (say 50 %) of the maximum or plateau value, or the time at which the total mitotic index reaches saturation, or the value obtained by extrapolating the steeply rising part of the accumulation curve to zero mitotic index. The results obtained for the dose-response curves for mitotic delay will depend on the choice of criterion. We have chosen to use the value obtained by extrapolation as shown by the dotted line in Fig. 1 because we assumed that it was likely to be indicative of the delay suffered by the first group of cells to reach mitosis after irradiation. Since there is likely to be a certain amount of variation in growth rates of various cells within the population, these results may not be completely representative of the average mitotic delay suffered by all cells, but may instead be an index of the delay in the more rapidly dividing portion of the cell population. To determine the actual mitotic delay, the extrapolated value obtained from an unirradiated control curve was subtracted from the equivalent value obtained for the irradiated population.
If Colcemid is to be used to accumulate mitotic figures, it is first necessary to show that the presence of the drug has no effect on the time of arrival of cells at mitosis in either unirradiated or irradiated cultures. This was shown for both types of culture in an experiment in which cells were labeled with H3TdR (0.1 ,Ci/ml) for 6 hours to label cells in S and G2. Then labeling was stopped by the addition of unlabeled thymidine. At intervals after the addition of the unlabeled thymidine, paired samples of cells were irradiated with equal doses, Colcemid at 10-7 gm/ml was added to one member of each pair, and the arrival of unlabeled cells at mitosis was observed in both members of each pair. Typical results of such an experiment, with an irradiated culture, are shown in Fig. 2 , which indicates the accumulation of unlabeled mitotic figures for an untreated (control) and a Colcemid-treated population, irradiated with 550 rads 15 minutes after the addition of cold thymidine-that is, for cells irradiated in G1. Since in both the untreated and the Colcemid-treated populations mitotic figures first appear at approximately 20 hours, and since the peak mitotic frequency in the untreated population occurs at the same time as the half-maximum value in the Colcemid-treated population, there would appear to be little, if any, delaying effect due to Colcemid treatment. Results obtained for cells exposed to Colcemid when irradiated elsewhere in the cell cycle also indicated that the presence of the drug had no important effect on the time required for cells to reach mitosis. These results are in agreement with those obtained for unirradiated cells by Puck and Steffen (16). hours, S = 8 hours, and G2 = 3 hours (12). To observe the mitotic delay for cells irradiated in S, H3TdR (0.1 ,uCi/ml) was added to a culture of cells that was incubated for 15 minutes. At this time TdR (10 ,ug/ml) was added to the culture to dilute the H3TdR and prevent further detectable labeling, and the population was irradiated. One hour after irradiation Colcemid was added, and, at intervals, samples were removed and autoradiographs were prepared, exposed, developed, and scored for the appearance of labeled mitotic figures. All labeled cells (50% of the population in this experiment) were assumed to be in S at the time of irradiation. For the observation of cells in G2, H3TdR (0.1 iACi/ml) was added to a culture that was irradiated immediately after addition of the label. Since in this experiment the label was allowed to remain in the culture, the only unlabeled cells that appeared at metaphase would be those cells that were in G2 at the time of irradiation. For observations of cells in G1, H3TdR (0.1 lCi/ml) was added to the cultures and allowed to remain for 6 hours. At this time TdR (10 ,g/ml) was added to prevent further labeling, and the population was irradiated. Since the combined durations of G2 + M + G1 were about 8.5 hours, a 6-hour exposure to H3TdR would label all the cells in S, G2, M, and the early part of G1. Thus, in this experiment, the unlabeled cells reaching metaphase were in late G1 at the time of irradiation. than are G1 cells. The initial portion of the curve for cells irradiated in G2 is a straight line with a slope of 2.3 min/rad. For doses greater than about 300 rads, the slope of the curve decreases. It must be pointed out that the G2 population in this experiment does not include those cells that continue through mitosis immediately following irradiation but includes only those that suffer a delay and are held up by Colcemid, administered 1 hour after irradiation.
The results obtained for cell populations irradiated in the S phase are plotted as the curve marked S in F.g. 4. For a dose of 250 rads the delay appears to be equal to that for cells irradiated in G2, while for doses greater than 500 rads the rate of increase in mitotic delay versus dose approaches that of cells irradiated in the G? phase (0.47 min/rad). These results may be interpreted to indicate that the cells irradiated in late S, which enter mitosis, suffer a mitotic delay similar to that found for cells in G2, while those irradiated earlier in S exhibit the same delay as G1 cells. It appears that, as the dose of radiation is increased, it is possible for cells that were in early S to overtake cells in late S, and so the mitotic delay measured for S cells at very high doses is really a measure of the delay produced in the cells that were in early S phase at the time of irradiation.
Comparison of the data shown in Fig. 4 with the mitotic delay data for randomly dividing cultures shown in Fig. 3 provides strong support for the view that the nonlinear dose-response curve for randomly dividing cultures is due to differences in sensitivity for cells of different ages. The initial slope of the curve for mitotic delay in Fig. 3 is 2 .4 min/rad, which is very similar to the value of 2.3 min/rad found for cells irradiated in G2 (Fig. 4 and Table I) Table I .
Relative Numbers of Cells Attempting Mitosis after Irradiation
In the experiments described above, Colcemid was used to accumulate cells in mitosis. This allows an estimate to be obtained of the percentage of cells that attempted mitosis following irradiation. In unirradiated populations, the accumu- (Fig. 1) , it was assumed that the Colcemid method at least provides a valid measure of the fraction of rapidly dividing cells in the population that attempts mitosis. In irradiated populations, lower values were observed (see curve marked "600 rads-total" in window, " Fig. 5, lower) . These were the same populations that showed a linear relationship between mitotic delay and dose (Fig. 4) Table I . It was found that for cells irradiated prior to the addition of TdR-cells that were either accumulated prior to S or arrested in S-the D37 value was about 370 rads. This is much smaller than the D37 of 860 rads observed for cells irradiated in G1 in the experiments using H3TdR labeling (Fig. 5 and Table I ), but it is greater than the value of 140 rads found previously for the initial portion of the survival curve for cells irradiated in S. One hour after the addition of TdR to the FUdR-treated culture, the survival curve still resembled that obtained prior to the addition of TdR. By 2 hours after addition of TdR, a less-sensitive component could be seen in the survival curve. By 5 hours after addition of TdR, a survival curve with a D37 of 920 rads, similar in slope to the less sensitive component of the 2-hour curve, was obtained. Thus, in the FUdR-treated cultures, passage of the cells through S and into G2 appeared to result in an increase in the D37 of the survival curve, rather than the decrease observed for cells not exposed to FUdR (Fig. 5 and Table I (Table I) . Also, when FUdR-treated cultures were irradiated in the G2 phase, a much higher proportion of the cells reached the first mitosis after irradiation than was found for cells in G2 that had not been exposed to FUdR (Figs. 5 and  7) . In the former case, this proportion increased as the cells passed from early S into G2, while in the latter it did not. The finding from radiation experiments that FUdR treatment affects the properties of cells in the S phase is not surprising, since we have shown (12) that following FUdR treatment the duration of the S phase is reduced from a normal value of about 8 hours to a value of 3 to 4 hours. The results obtained with FUdR-treated cultures are of interest in that they indicate that it may be possible to uncouple radiation-sensitive processes that in normal, randomly dividing populations appear to be closely coupled to the cell cycle. These results are also of value in that they provide another example of the danger of extrapolating results obtained with artificially synchronized cultures to untreated cells.
